A customized atomic force microscopy ͑AFM͒ instrument optimized for imaging protein crystals in solution is described. The device was tested on crystals and Langmuir-Blodgett ͑LB͒ films of two proteins with quite different molecular weights. This approach enables the periodicity and morphology of crystals to be studied in their mother liquid, thereby preserving the native periodic protein crystal structure, which is typically destroyed by drying. Moreover, the instrument appears to distinguish protein crystals from salt crystals, which under the optical microscope are frequently quite similar, the difference between them often being revealed only during x-ray analysis. AFM estimates of the packing, order, and morphology of the given single proteins appear quite similar in the LB thin film and in the crystals, which means that routine crystal measurements can be performed at high resolution. The AFM consists of a custom-built measuring head and a homemade flexible SPM controller which can drive the head for contact, noncontact and spectroscopy modes, thus providing the user with a high degree of customization for crystal measurement.
I. INTRODUCTION
Previous atomic force microscopy ͑AFM͒ studies of biological samples have produced images of DNA, 1 soluble proteins, 2 ion channels, 3 amino-acid crystals, 4 lipid monoand bilayers, 4 and two-dimensional crystals of membrane proteins. 5, 6 This technique provides images of surfaces and can be used either for de novo structure determination or to supplement other structural studies of biological macromolecules. For example, two-dimensional crystals of bacteriorhodopsin have recently been studied by AFM, 6 and the extramembranous loops that were imaged are not visible in three-dimensional reconstructions from electron micrographs. 7 In other studies, AFM has been used to investigate protein crystallization mechanisms, 8, 9 thus revealing the advantages of molecular packing analyses by means of AFM measurements. 9 Dried three-dimensional protein crystals have been systematically measured by AFM on different substrates, namely graphite and mica. 10 However, this approach does not reveal the periodicity of the crystal, which is destroyed by drying. For this reason, several AFM studies of threedimensional protein crystals have been performed in aqueous environments. [11] [12] [13] In our study, the AFM instrument was constructed for protein crystal imaging in solution. This approach allows the periodicity and morphology of the crystal to be studied in the mother liquid. Indeed, as the protein crystal structure is not destroyed by drying, its periodicity can be investigated in its "natural" environment.
Another important requirement is that the proposed AFM technique should be able to distinguish salt crystals, which appear very similar to protein crystals under the optical microscope. Indeed, since the differences between protein crystals and salt crystals are often revealed only during x-ray analysis, much to the disappointment of the crystallographer, the routine implementation of AFM could, by helping to promptly discard salt crystals, have an important impact on protein crystallography.
AFM imaging of the homologous protein in LB ͑Langmuir-Blodgett͒ thin film yields confirmation of the crystal protein AFM estimates in terms of packing, order, and morphology. In previous studies, a large membrane protein, bovine cytochrome P450scc ͑side chain cleavage͒, was imaged both in LB films and crystals by means of AFM, 14 while a small protein with molecular weight lower than 20 kDa, namely chicken egg-white lysozyme, was imaged in LB film, 15 with good resolution. The present paper describes a new AFM instrument dedicated to protein crystal imaging in solution. Our study used two different proteins, namely chicken egg-white lysozyme and bovine serum albumin, which differ greatly in molecular weight ͑14 versus 130 KDa͒.
II. MATERIALS AND METHODS

A. Sample preparation
We used chicken egg-white lysozyme and bovine serum albumin, both purchased from Sigma. The lysozyme product code is L 6876. 
B. Crystallization
Lysozyme crystals were prepared as described in Pechkova and Nicolini, 16 using the nanotemplate-based hanging drop method. Siliconated glass slides and Linbro plates from Hampton Research ͑Laguna Nigel, CA͒ were used. The protein drop contained 4 l of lysozyme solution at a concentration 40 mg/ml in 50 mM sodium acetate buffer with pH 4.5 and 4 l of 0.9 M sodium chloride ͑NaCl͒ solution. The drop was equilibrated over a reservoir containing 0.9 M NaCl. Crystals appeared in 48 h. Rather large ͑300-500 microns͒, well-shaped crystals were chosen for AFM measurements.
C. Crystal immobilization
The problem of crystal flotation in the drop was resolved by fishing them with a nylon loop of appropriate dimensions ͑Hampton Research͒ stuck to the surface of a glass slide with a very small amount of neutral vacuum grease ͑Hampton Research͒. The crystal was then covered with its mother liquid from the drop or buffer. The latter is preferable in order to avoid the formation of salt crystals during drop evaporation. Alternatively, mica was also successfully utilized for lysozyme crystal immobilization.
D. Thin-film preparation
LB protein films were prepared as described in Pechkova et al. 14 A small amount ͑100-500 l͒ of concentrated protein solution ͑40 mg/ml͒ was spread on the surface of a LB Teflon trough ͑MTD͒ filled with physiological pH buffer and then compressed by the Teflon barrier to the desired surface pressure, about 25 mN/m for the lysozyme and 20 mN/m for the albumin. At this point, the protein monolayer was transferred to a glass slide by the Lagmuir-Shaeffer ͑LS͒ technique using the horizontal lift. Thin protein films deposited in this way on the circular glass cover slide were also used in protein crystallization by means of the nanocrystallography method.
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E. AFM instrumentation
The AFM is composed of a custom-built measuring head and a homemade flexible SPM controller ͑SPM Magic controller, ElbaTech srl, Italy͒. The controller can drive the head for both contact and noncontact measurements, in addition to the spectroscopy mode ͑i.e., force-distance curves͒, and provides the user with full control and monitoring signals at the front panel. These aspects are of primary importance when performing nonstandard experiments in which a certain degree of customization is needed. The controller features a digitally driven fast analog feedback circuit and a tip modulation module based on a DDS ͑direct digital synthesizer͒, which guarantees high-resolution stable cantilever driving. The module then provides both amplitude and phase signals for feedback control and image acquisition.
This SPM controller was chosen because it can easily adapt to different measuring heads and conforms to the polarity and features of all high-voltage amplifiers needed to move the tip or the sample. In addition, it allows arbitrary custom signals to be selected as the input for imaging.
The SPM head is sample-moving and was designed to allow general easy handling, despite the liquid operations needed. The latter option was achieved by the method of a glass cover slip just above the cantilever, forming an underneath liquid environment by capillary forces. Once the sample is positioned on the sample holder, it is promptly covered by a liquid drop, forming the air-free environment once the tip-holder with cover slip "touches" the drop.
The measuring head is obviously placed on an antivibrating table in order to reduce undesired environment mechanical noise frequencies.
Particular care was taken to customize the piezoelectric element used to perform both the XY and the Z motions of the sample. The respective travels were physically decoupled in order to avoid crosstalk between the raster motion and the vertical displacement, thus maximizing the overall imaging performances. Two separate piezoelectric tubes ͑Physik Intrumente͒ were joined together as depicted in Fig. 1 . The inner tube is divided into the typical four segments, and provides XY travel. The outer tube is mono-segmented and is used only for Z motion. The mountings between the two tubes to the sample holder and to the metal chassis are made of Macor, which shows the best thermal compatibility with the piezoelements. Combining two separate movers for XY and Z has the additional advantage of allowing distinct ͑and even very different͒ resolutions to be achieved in the scan plane and in the vertical direction, respectively.
The high-voltage amplifier used by us contains five channels, with multiple gain selection option ͑model T-400 from ElbaTech srl, Italy͒, and for the Z channel shows a bandwidth of more than 10 kHz at the maximum output swing, thus ensuring the desired correction speed when following the topography of the sample. The bandwidth of the X and Y channels is reduced to about 1 kHz to avoid unnecessary noise at the output during scanning. The gains of the amplifier's X and Y channels are automatically set by the SPMagic controller after selection of a rastering area, in order to maximize the resolution for all possible scan dimensions. The controller selects the output of the digital-toanalog converter and the high-voltage amplifier gain in such 
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a way as to achieve maximum performance as a function of the number of image pixels, the scan area, and the scan velocity selected by the user. Combining a modular piezoelement with a variablegain amplifier offers an advantage over the use of standard piezo tubes, in that the system described is able to provide images of both "large" and "small" areas without losing resolution. This feature is of major importance when the samples need to be imaged at a wide scale and then refined at high resolution.
F. AFM standard sample analysis
The system described was tested on standard samples in order to prevent any possible problem when working with more protein samples. We imaged several portions of CD-ROMs, both burned and not, as these show regular FIG. 2. ͑Color online͒ ͑a͒ AFM image of the standard sample: a typical result obtained with unwritten CD-ROM sample in the tapping mode using an NSC-11 cantilever from MikroMasch; ͑b͒ AFM image of the standard sample: typical result obtained with a TGZ01 grid in the tapping mode using an NSC-18 cantilever from MikroMasch. The picture also shows a line profile ͑below on the left͒ taken along a step portion where a dust particle was imaged ͑zoomed image on the right͒.
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geometries at standardized distances. Figure 2͑a͒ shows a typical result of an unwritten sample. The image was acquired in the tapping mode by using an NSC-11 cantilever from MikroMasch.
Another test was performed on samples with regular geometry and known dimensions. This test can be used to calibrate the instrument in all scan directions. We used several types of calibration grating: TGX01, TGZ01, TGZ02, and TGZ03 from MikroMasch. The TGX01 grid shows a square pattern with 3 m pitch and is mostly used to calibrate X and Y directions. The other three display line step profiles with a horizontal pitch of 3 m and distinct vertical ͑Z͒ steps, as reported in Table I . Figure 2͑b͒ shows a typical result obtained when imaging the TGZ01 grid in the tapping mode. An NSC-18 cantilever from MikroMasch was used. The picture also shows a line profile taken along a step portion where a dust particle was imaged ͑zoomed in the same figure͒. The profile clearly indicates that the vertical dimensions are correctly calibrated, that no particular convolution or spherical effects are present, and that small details can be reasonably acquired along the vertical axis.
G. AFM protein sample analysis
The AFM used for the acquisition of protein LB film images was a homemade device, 17, 18 specifically designed for imaging protein films and crystals. All the images were collected in the tapping mode, using a Ni-Au cantilever ͑typical tip resonance frequency is 75 KHz; force constant is 0.60 N/m͒, with a half-cone angle of 15°. Film imaging was performed in a dry atmosphere; crystal imaging was performed in buffer, with crystals kept stuck to the bottom of the glass slide either with grease or by gravity. The imaging of crystals was performed in order to ensure the optimal resolution. The set-point range and other acquisition parameters were frequently changed in order to achieve accurate imaging. In order to decrease the experimental noise, the laser intensity was kept at 1.5 V.
We imaged two different protein LB films: lysozyme and albumin, both one-and two layers; these proteins have very different molecular weights ͑lysozyme 14 kDa; albumin 130 kDa͒. Crystal imaging was performed on lysozyme crystals and salt ͑NaCl͒ crystals. For each sample, we scanned two areas: 4 m 2 ͑low resolution͒ and 100 nm 2 ͑high resolution͒, in order to get an overall view of the film and more detailed images at nanometric resolution. We collected at least five images for each area for each sample, changing the cantilever position between successive scans.
Data acquisition and analysis were performed by means of the SPMAGIC software and WSxM software ͑free software downloadable at http://www.nanotec.es͒. Several profile analyses were performed for each image, in order to calculate the half-width and height of different topographical features. Profiles were collected in various directions and were corrected for baseline; a low-pass filter was applied in order to decrease experimental noise. Differences in half-width and height values were analyzed by means of significance test ͑Mann-Whitney two-tailed test͒; a p value Ͻ0.05 was regarded as statistically significant.
III. RESULTS
Our controller and custom measuring head enabled the system to be adapted better to our experimental conditions during crystal growth and characterization. The instrument is equipped with a very low-noise piezo assembly in which vertical and horizontal scans are physically separated, thus allowing a faster response on the Z axis to follow the sample corrugations at higher frequencies. Moreover, the software was adapted in such a way as to obtain very accurate data acquisitions. Indeed, the high-voltage amplifier features an adaptive gain setting which, in conjunction with the driving software, ensures the maximum allowed spatial resolution for any scan area. In other words, several significant improvements were made to the earlier version of our AFM. 17, 18 Endowed with "ad hoc" features, the resulting dedicated instrument may provide advantages over standard commercial SPM in protein film and crystal imaging..
A. AFM of films
AFM analysis revealed significant differences in halfwidth ͑Table II͒ and height ͑Fig. 3͒ between lysozyme and albumin LB film surfaces, both at low and high resolution. Figure 3 shows examples of images, at low resolution ͑4 m 2 ͒, of lysozyme and albumin LB one-layer film, with profiles being displayed. No significant difference emerged between one-layer and two-layer films of the same protein in terms of half-width ͑Table II͒; however, marked differences were observed between the two films in terms of the height of topographical features. Since the molecular weights of lysozyme and albumin are, respectively, 14 and 130 kDa, topographical features may be related to protein aggregates. As shown by the low-resolution images, a very large difference in terms of height can then be identified between the two films ͑Fig. 3͒.
The results of the statistical analysis are represented in Table II . The mean height and half-width values calculated from different profiles of the same protein were roughly constant, as can be deduced from the low SD and VC values, therefore confirming the validity of the observations. The large differences between the two proteins reached statistical significant ͑P Ͻ 0.0001͒. In Table II , column 2, calculated half-widths from onelayer film analysis and two-layer film analysis are compared, both for lysozyme and albumin. The mean values are not statistically different between one-layer and two-layer films of the same protein, which further validates the method and the results.
B. AFM of crystals
AFM analysis revealed significant differences between the surfaces of lysozyme and salt crystals, both at low and high resolution. Figures 4 and 5 show low-and highresolution images of lysozyme and salt crystals, respectively. Representative profiles are also shown. At first sight, the two crystals are quite different, in terms of half-width and, in particular, height of the topographical features displayed on their surfaces. It can be seen that lysozyme crystals tend to present larger surface structures than salt crystals, a finding which is in line with the different dimensions of the two compounds.
The results of the statistical analysis are summarized in Table III . In crystals, the error in the crystal measurements, as SD and VC, tends to be larger than those calculated for LB films. This could be attributed to the process of crystallization, which is much more complex and variable than the formation of a LB film and can therefore produce less constant results. In any case, the VC values for lysozyme crystals were always below 0.25, suggesting that there are not very large differences in surface topography among different protein crystals. This provides further evidence of the validity of the nanotemplate method 16 used in producing protein crystals. The analysis of height values disclosed a statistically significant difference between lysozyme and salt crystals ͑P Ͻ 0.01͒.
IV. CONCLUSIONS
A customized AFM instrument optimized for imaging protein crystals in solution is described. The device was successfully tested on crystals and Langmuir-Blodgett films of two proteins with quite different molecular weights, namely chicken egg-white lysozyme and bovine serum albumin. The AFM consists of a custom-built measuring head and a homemade flexible SPM controller, which effectively drives the head for contact, noncontact, and spectroscopy modes. By providing the user with full control and monitoring of signals at the front panel, we achieved a degree of customization that is optimal for the protein crystal measurements described above. This approach enables the periodicity and morphology of the crystals to be studied in their mother liquid. In this way, the structure of the protein crystal is not destroyed, as in the case of drying; its periodic structure can therefore be investigated in its "natural aqueous" environment. Moreover, the instrument appears to distinguish protein crystals from salt crystals, which under the optical microscope are frequently quite similar; indeed, the difference between the two is often revealed only during x-ray analysis. Finally, the AFM estimates of the packing, order, and morphology of the given single proteins appear quite similar in the LB thin film and in the crystals produced by the nanotemplate method, 16 which means that routine crystal measurements can be performed at high resolution. This finding is in agreement with previous results obtained on membrane protein bovine cytochrome P450scc similarly studied in LB films and crystals. 14 Considering the recent proven ability to utilize the birefringence of lysozyme crystals to control their orientation and to monitor their growth in optical tweezers, 21 our future intention is to attempt to use optical tweezers for both AFM and microGISAXS ͑Refs. 19 and 20͒ studies of protein crystal growth directly in the hanging drop. 
